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Abundant nitrite-oxidizing metalloenzymes in the
mesopelagic zone of the tropical Pacific Ocean

Mak A. Saito®'™, Matthew R. Mcllvin', Dawn M. Moran', Alyson E. Santoro? Chris L. Dupont®3,
Patrick A. Rafter®4, Jaclyn K. Saunders ®?, Drishti Kaul®, Carl H. Lamborg®, Marian Westleys,
Frederica Valois' and John B. Waterbury'

Numerous biogeochemical reactions occur within the oceans' major oxygen minimum zones, but less attention has been paid to
the open ocean extremities of these zones. Here we report measurements on oxygen minimum zone waters from the Eastern to the
Central Tropical North Pacific, which we analysed using metaproteomic techniques to discern the microbial functions present and
their influence on biogeochemical cycling. We found nitrite oxidoreductase—an iron-rich enzyme from Nitrospina bacteria—to be
one of the most abundant microbial proteins present in the mesopelagic zone, with over 60 billion molecules per litre. Estimated
reaction rates imply that this enzyme is undersaturated and that its high abundance provides a latent mesopelagic catalytic capac-
ity to rapidly oxidize nitrite derived from episodic fluxes of degrading sinking organic matter. In addition, given the enzyme's inten-
sive iron demand, its high abundance represents a previously unrecognized microbial reservoir within suboxic mesopelagic zones.
Nitrite oxidoreductase may also contribute to other reactions involving nitrogen and redox-sensitive metals. We suggest that the
abundance and extent of nitrite oxidoreductase may increase with continued deoxygenation in the oceans, and result in increased

mesopelagic demand for iron and other potential changes to marine biogeochemical cycles.

whose oceanic inventory and chemical speciation are con-

trolled by elaborate microbial metalloenzymes that catalyse
chemical transformations’. These are especially important at meso-
pelagic depths (~200-1,000m), where key nitrogen reactions, such
as chemolithoautotrophic nitrification, oxidize reduced nitrogen
for energy’*. Many nitrogen reactions are prevalent in regions of
reduced oxygen availability. For denitrification this is due to nitrate
being an important oxidant in heterotrophic respiration. For nitri-
fication the reasons are less clear, but may be related to the sensi-
tivity of the iron-sulfur cluster active centres to oxidation within
the enzyme active site’. Mass-spectrometry-based metaproteomic
measurements can directly examine the relative abundance of these
enzyme catalysts in oxygen minimum zones (OMZs)°®. Previous
studies have focused on oxygen-deficient areas, where nitrate can
act as an alternative electron acceptor and a diverse range of micro-
bial activities is observed”*.

While deoxygenation in coastal waters results in anoxic dead
zones and macrofauna mortality’, less is known about the potential
consequences of deoxygenation and suboxia expansion for micro-
bial and biogeochemical processes in the open ocean. Trends for
basin-scale ocean deoxygenation have been observed'®', while
modelling studies vary in their predictive capability’*'*. Within
the upper mesopelagic environment, key microbial remineraliza-
tion and nutrient recycling reactions occur with the degradation
of sinking particulate organic material. With nitrogen-rich pro-
teinaceous material contributing roughly half of the biomass of
microbial life, the degradation of proteins to smaller constituents,
including peptides, amino acids, urea, ammonia, nitrite and nitrate,
is a major mesopelagic activity along with the respiration of reduced
carbon’. In this study we present global and targeted metaproteomic

N itrogen is an essential nutrient in marine ecosystems’,

evidence for the preponderance of nitrite oxidoreductase (Nxr), the
metalloenzyme involved in the oxidation of nitrite, within OMZ
extremities of the Central Pacific Ocean, and discuss the biogeo-
chemical implications.

Metaproteomic sampling expeditions in the Central Pacific
Ocean

Two expeditions conducted in the Central Pacific Ocean formed a
T pattern over the low-oxygen plume extending from the Eastern
Tropical North Pacific Ocean (Metzyme in October 2011 and
ProteOMZ in January-February 2016; Fig. la). Equatorial upwell-
ing occurs on and to the south of the Equator'®, with corresponding
higher productivity and export'” and scarce dissolved iron, which
limits primary productivity'®. This region experiences strong zonal
currents including strong equatorial jets' (Supplementary Fig. 1),
which can have unique geochemical characteristics reflecting the
influence of denitrification (north and south of the Equator) and
organic matter remineralization (along and to the south of the
Equator)®. The Metzyme stations identified suboxic waters centred
on 12°N between 200- and 400-m depths (Fig. 1b, Station 2), con-
sistent with the westward extension of the Eastern Tropical North
Pacific Ocean OMZ”'. Within these suboxic waters §19Ny,, and N*,
defined as a linear combination of nitrate and phosphate’"** (see
Methods), showed signals characteristic of denitrification®, with
8" Nno, > 11%o0 and N* < —7umolkg™ (station 2, 12°) notably off-
set from the surrounding waters (Fig. 1d,j)'**, and advected either
from the eastern boundary coastal OMZ regions and/or by in situ
microbial processes. The subsequent ProteOMZ expedition fol-
lowed these low-oxygen waters eastward along 10°N as far as 140°'W
(Fig. 1c) and observed suboxic OMZ waters (<5pM O, at stations
4, 6, 7 and 8) and low N* throughout the mesopelagic (Fig. le),
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demonstrating the coherence of these OMZ waters throughout the
Eastern Tropical North Pacific Ocean and their distinct nitrogen
biogeochemical signals in this region.

Free-living microbial biomass was collected by size-fractionated
in situ filtration systems (0.2-3.0-pm pore size range) on seven ver-
tical profiles (Metzyme stations 1, 3, 5 and ProteOMZ 4, 6, 7 and 8).
Two metaproteomic techniques, data-dependent acquisition global
metaproteomic analyses and targeted metaproteomic analyses, were
applied to 77 samples from the profiles (Supplementary Table 1).
Metzyme and ProteOMZ samples were analysed by one- and
two-dimensional chromatographic methods, respectively, and pro-
tein identifications were assigned by spectrum-to-peptide match-
ing to a custom translated metagenomics assembly produced
from six sample splits from Metzyme (Supplementary Table 1).
Tryptic peptides were identified and enumerated by exclusive
spectral counts for subsequent targeted metaproteomic studies
as previously described*. Custom standards were prepared using
heterologous overexpression of stable-isotope-labelled tryptic pep-
tides” and used to calibrate the targeted metaproteomic analyses
(Supplementary Methods).

An abundant mesopelagic metalloenzyme

A surprising finding was the abundance of Nxr enzyme subunits
within the global metaproteome throughout the suboxic mesope-
lagic depths. Spectral counts for Nxr protein subunits (NxrA and
NxrB) were higher than those for than any other protein within the
mesopelagic zone at Metzyme station 3 (Fig. 2a) and all other pro-
files in this region (Supplementary Fig. 2). Nxr protein identifica-
tions were supported by multiple peptide identifications: as many
as 21 and 13 tryptic peptides for NxrA and NxrB were observed,
respectively, corresponding to 34% and 48% protein sequence
coverage (Supplementary Fig. 4). It is unlikely that other abun-
dant proteins remain unidentified due to use of paired metage-
nomic data for spectrum-to-peptide matches. Sequence alignment
(Supplementary Figs. 5 and 6) and genome binning (Supplementary
Fig. 7) found the identified Nxr peptides to be associated with the
nitrite-oxidizing bacterium (NOB) Nitrospina from the proposed
bacterial phylum Nitrospinae, which are important oceanic nitrite
oxidizers>***. Metagenomic, metatranscriptomic and metapro-
teomic analyses have identified Nitrospina and its Nxr enzyme
within oxygen minimum waters in OMZ regions off coastal Chile”
and the seasonally anoxic fjord Saanich Inlet’, and within single
amplified genomes of Nitrospina®.

Proteomic analyses of NOB cultures of Nitrospira marina and
Nitrococcus mobilis showed NxrA and NxrB subunits to be among
the most abundant proteins in relative abundance spectral counts
(Nb-295 in Fig. 2b; Nb-231 in Supplementary Fig. 8). This Nxr
abundance is also consistent with previous immunocytological and
electron microscopy observations from the NOB Nitrospira mosco-
viensis, where striking lattice membrane features were observed and
attributed to the abundant surface Nxr membrane protein com-
plex’'. The dominance of Nxr proteins in NOB cultures provides
a mechanism for the observation of the enzyme’s abundance in the
mesopelagic ocean.

Absolute abundances of Nxr enzyme subunits by targeted
metaproteomics

Targeted metaproteomic assays™ were used to determine abso-
lute concentrations of Nxr and their stoichiometries. 12 tryp-
tic peptides representing NxrA and NxrB protein subunits were
identified in the global proteomic dataset and synthesized as iso-
topically labelled internal standards by heterologous overexpres-
sion (Supplementary Tables 2 and 3). The standards showed linear
response in standard curves (Supplementary Fig. 8), chromato-
graphic resolution (Supplementary Figs. 14-25), and low detec-
tion limits (Supplementary Table 3). Triplicate analyses for three
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sample depths had an average of the relative s.d. of 3.9%-6.2%
for all 12 peptides (Supplementary Table 4). 11 of the 12 peptides
were taxonomically attributed exclusively to the NOB Nitrospina
sp., with the 12th peptide present in both Nitrospira and Nitrospina
(Supplementary Tables 5 and 6), by least common ancestor analysis
using representative NOB genomes and single amplified genomes*.
The peptides were measured by parallel reaction monitoring (PRM;
Supplementary Fig. 9) on a quadrupole-Orbitrap mass spectrom-
eter. Vertical profiles of NxrA and NxrB peptides showed similar
trends in distributions (Supplementary Fig. 10), and were averaged
for composite NxrA and NxrB subunit abundances (Figs. 3 and 4).
While variability in Nxr peptides could stem from analytical or sam-
ple processing reproducibility, sequence alignments of the paired
metagenomic data showed considerable variation within the tar-
geted peptide regions (Supplementary Figs. 5 and 6), demonstrating
the presence of an Nxr enzyme population not easily targeted by a
single conserved peptide sequence. Despite this Nxr diversity, the
coherence captured by the suite of targeted metaproteomic peptides
was surprisingly good.

The greatest abundance of Nxr was observed at Metzyme sta-
tion 3 at 300m depth with 107 and 155fmoll~" for NxrA and
NxrB, respectively (relatively close to a 1:1 subunit stoichiom-
etry), equivalent to over 60 billion molecules per litre and 1.3%
of the total protein in this size fraction (Fig. 3 and Supplementary
Table 7). This percentage of total protein is consistent with Nxr
being an abundant protein within NOB cultures (~10% of cellular
protein)’’, and NOB abundance in the mesopelagic ocean®**-,
While all seven Pacific vertical profiles showed abundant
mesopelagic Nxr subunits, Nxr vertical structure varied con-
siderably by station, with the two subunits generally tracking
each other (Fig. 4), implying that Nxr abundance reflects vari-
ability in export flux and nitrite supply. Nxr was less abundant
than euphotic zone cyanobacterial proteins, which can reach
thousands of femtomoles per litre (ref. **), due to higher eupho-
tic zone biomass, with total particulate protein four to eight
times lower in the mesopelagic versus the euphotic zone
(Supplementary Figs. 3 and 12). However, the most abundant
euphotic zone proteins were not elementally costly metalloen-
zymes such as Nxr. Finally, a comparison of Nxr protein abun-
dance with Nitrospina-like NOB determined by quantitative DNA
analysis showed a positive linear relationship with an r* of 0.43
(Supplementary Fig. 12 and Supplementary Table 8), supporting
the case for high Nxr in the OMZ due to more NOB, rather than
more Nxr per NOB.

The average abundances of Nxr peptides on the ProteOMZ
expedition were lower than those on the Metzyme expedition,
with maximal concentrations of 30 and 49 fmoll™', for NxrA and
NxrB, respectively, perhaps due to the ProteOMZ expedition occur-
ring during the strong 2015-2016 El Nino event”. Warmer sur-
face waters could have increased stratification, decreased nutrient
input and export flux, and resulted in less mesopelagic nitrification.
Hydrographic data were consistent with this possibility: the 2011
Metzyme station 3 was reoccupied in 2016 (ProteOMZ station 5),
and showed similar euphotic zone temperatures but with a deeper
mixed layer depth, although corresponding nutrient datasets did
not have sufficient depth resolution to observe changes between
years (Supplementary Fig. 12). Nxr was also abundant in shal-
low surface waters of the South Pacific (METZYME station 6 and
ProteOMZ stations 10-14; Supplementary Figs. 2 and 13), where
nitrite was more abundant. The absence of Nxr over the nitrite
maxima was surprising and may reflect an iron limitation of NOB
via an inability to complete the biosynthesis of Nxr’s iron centres.
Alternatively there may be additional NOB diversity in the South
Pacific not yet captured by our study, where lack of metagenomic
data prevents the peptide-to-spectrum matches needed to identify
and quantify proteins.
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Fig. 1| Station locations, hydrographic features and Nxr distributions for the Metzyme and ProteOMZ expeditions. a, Profile stations marked in red for
Metzyme stations 1, 3, 5 and 6 and in yellow for ProteOMZ stations 4, 6, 7 and 8. b-j, Sections of dissolved oxygen (b,c), N* (d,e), nitrite (f,g), ratio of
nitrate to dissolved oxygen (h,i) and 8N (where 8N = "N/"N_,_,./"N/"N ence = 1, €xpressed in per mil by multiplying by 1,000) (j) for each expedition
in the left- and right-hand panels, respectively.
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Fig. 2 | Abundant Nxr in the Central Pacific Ocean and in a Nitrospira
culture. a, Vertical profiles of 3,175 identified proteins from Metyzme
station 3 in the Central Pacific Ocean on the basis of global metaproteomic
results identified with a paired metagenomic dataset. The NxrA (red)

and NxrB (blue) subunits were among the most abundant proteins in

the mesopelagic zone by exclusive spectral counting relative abundance
measurements. Multiple Nxr lines represent the diversity of Nxr sequences
in the metagenome. Despite exclusive spectral counting restricting
mapping of each Nxr peptide to one of the diverse Nxr metagenomic
sequences, they were clearly highly abundant in the metaproteome.

b, A ranked protein abundance of the 1,759 proteins identified in the
proteome of cultured isolate N. marina Nb-295. NxrA (red symbols)

ranked 1, 2 and 6; NxrB (blue symbols) ranked 4, 5 and 7; each was among
the most abundant proteins in the proteome. ¢,d, NxrA (¢) and NxrB (d)
subunits on the ProteOMZ expedition, represented in relative abundance
total spectral count units. Multiple peptides map to the sequences, as
shown in Supplementary Fig. 4.

Iron and Nxr

High Nxr abundance implies a specific microbial iron demand:
the Nxr protein complex is an iron-sulfur molybdoprotein whose
dimeric form binds 23 atoms of Fe and 1 atom of Mo as deter-
mined by enzyme purification®, although no structure exists as
of yet for Nxr. Averaged NxrA and NxrB composite values multi-
plied by the iron stoichiometry produce an Nxr iron demand pro-
file, assuming that each enzyme was fully metallated (Figs. 3 and
4 and Supplementary Fig. 10), with a maximum concentration of
3.0+0.8pM Fe as Nxr at Metzyme station 3, and 0.9+0.3pM Fe
as Nxr on the ProteOMZ expedition at station 7 (Figs. 3 and 4).
In the oceanic Pacific Ocean, dissolved iron concentrations range
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from tens to hundreds picomolar and particulate iron ranges from
100 pM near the surface to 500pM in the mesopelagic. However
recent studies showed that the majority (80-100%) of particu-
late iron consists of non-biological lithogenic material, and hence
Nxr could represent an important labile particulate reservoir®.
Molybdenum within Nxr was less abundant due to its lower stoichi-
ometry (0.12 and 0.035 pM Mo as Nxr at the stations above respec-
tively). With its large oceanic inventory and long residence time,
Mo within Nxr probably has a small role in the Mo biogeochemi-
cal cycle, although Nxr probably explains the small dissolved Mo
variation observed in the mesopelagic Pacific Ocean®. While little is
known about the mortality of NOB in the mesopelagic, any grazing
or viral lysis could result in a flux of dissolved or colloidal Fe and
Mo bound within protein constituents.

Role(s) of Nxr in the mesopelagic ocean
The extraordinary abundances of Nxr in the mesopelagic meta-
proteome probably reflect efforts to maximize cellular contact effi-
ciency with scarce environmental nitrite. Nitrite produced from
remineralized sinking organic matter is typically rapidly depleted
by these chemolithotrophic NOB to produce energy and fix carbon.
Both expeditions observed primary nitrite maxima at depths shal-
lower than 200m, and a secondary nitrite maximum was observed
at 200-300m in the heart of the OMZ (exceeding 0.5 pM; Metzyme
station 2, 12°N, Fig. 1f). Approaching the euphotic zone, the ability
of NOB to synthesize Nxr, and thereby oxidize nitrite, may become
increasingly challenged by scarce iron availability, particularly in
these equatorial regions where scarce iron is limiting to phyto-
plankton'®. The accumulation of nitrite, particularly in the South
Pacific Subtropical Gyre observed on this transect (Fig. 1f,g), may
be related to regional iron scarcity”’, consistent with the distribution
of cyanobacterial iron stress biomarkers on this same transect™.
Another possible role for Nxr’s mesopelagic abundance is in
catalysing the reverse reaction of nitrate reduction within the OMZ.
While it is assumed that O, must be depleted before the use of NO,
as an electron acceptor, the thermodynamic yield from oxidation
of organic matter using nitrate is only slightly less than that using
oxygen. Moreover, the energy yield for an NOB is far greater from
heterotrophic nitrate reduction than from chemolithotrophic NO,
oxidation. There is some evidence to support this possibility. First,
some cultures of NOB* and purified Nxr** can conduct both nitrate
reduction and nitrite oxidation®’, and NxrA and NxrB sequences are
homologous with nitrate reductase (NarG and NarH)", although
presumably some membrane and proteome reorganization would
be required to switch between substrates. Second, the ratio of nitrate
to dissolved oxygen within this extremity of the OMZ reached 20
and 55 in the Metzyme and ProteOMZ expeditions, respectively
(Fig. 1h,i). Third, rapid interconversion between nitrite and nitrate
has been observed using nitrite isotopes in the Pacific Ocean and
Arabian Sea*"*, and a nitrate isotopic signal consistent with deni-
trification was observed in this region as described above (Fig. 1j).
Future studies could also explore the potential role of Nxr in reduc-
tion reactions found in OMZs, such as those of mercury, iron, chro-
mium and iodine*~*.

Estimated reaction rates

Potential biogeochemical reaction rates were calculated using
Nxr concentrations and specific activity to generate ‘omics’-based
rate estimates. Several approaches were used based on available
kinetic and substrate data (Table 1). First, multiplying the maxi-
mum abundance of NxrAB (131 fmoll™, Metzyme station 3, 300 m;
Supplementary Table 7) by the specific activity of purified Nxr
from Nitrobacter hamburgensis* yielded a rate for nitrite oxida-
tion of 85nMd! (and a nitrate reduction rate of 59nM d~") These
are maximum potential reaction rates because they assume satu-
rated substrate abundance; however, this environment is probably
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Table 1| Ranges of potential nitrite oxidation reaction rates
determined using observed Nxr enzyme concentrations and
kinetic parameters from purified protein or cultures

Approach NO, oxidation rate
Calculated using specific activity of purified Nxr (a 85nMd™’
maximum rate that assumes saturated [NO,~]1)

Calculated using Michaelis-Menten kinetics from  5-6nMd~’
cultures and the maximum observed nitrite of

0.5uM

Calculated using Michaelis-Menten kinetics from  0-0.3nMd™"

cultures and ambient nitrite from vertical profiles

For comparison: isotopic nitrification rates (ammonia 5-34nMd~'
oxidation) at Metzyme stations 1, 3 and 5%

substrate limited by nitrite availability. To improve on these esti-
mates, Michaelis—Menten kinetic parameters from whole live cells
of Nitrospina watsonii'® and N. moscoviensis'” were paired with the
highest nitrite concentration observed on these expeditions (0.5 pM

at Metzyme station 2, within the heart of the OMZ of that expe-
dition), yielding upper estimates for the nitrite oxidation rate of
5-6nMd™! using this relatively high nitrite abundance value. This
approach was extended to the seven profiles using averaged NxrAB
and nitrite concentrations for each depth (Supplementary Table 9),
and kinetic parameters for N. watsonii*. Profiles of nitrite oxidation
rates resembled the Nxr profiles, ranging from zero to 0.3nMd™!
(Figs. 3 and 4), and are probably more representative of actual rates
under the lower steady-state nitrite concentrations. The range from
steady-state to maximal potential rates probably represents the enve-
lope of possible Nxr activity, where episodic sinking fluxes could
intermittently increase nitrite inputs and Nxr rates. These rates
compare favourably with concurrently measured nitrification rates
(oxidation of ammonia all the way to nitrate), with maximal rates of
5,5 and 34nM d~' measured at Metzyme stations 1, 3 and 5, respec-
tively*, and with modelling studies predicting ~5nM d~' of ammo-
nia and subsequent nitrite oxidation in the Central North Pacific®.
These potential reaction rates imply that the mesopelagic ecosystem
has the enzymatic capacity to rapidly oxidize nitrite fluxes that result
from episodic carbon flux into the mesopelagic ocean.
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Fig. 5 | Nxr, oxygen and nitrous oxide in the Central Pacific OMZ. a-c, Comparison of NxrA and NxrB subunits (average of seven and five peptides,
respectively) with oxygen abundance in Metzyme (a) and ProteOMZ (b) expeditions, and relationship of NO, and oxygen (¢). d, Nitrous oxide was
present near Metzyme station 3 and ProteOMZ station 4 on a previous expedition (RV Kilo Moana expedition KM0405 station 5, 8° N 158° W, 28
February 2004). Dissolved cobalt showed a similar vertical structure to N,O, while being 1,000 times lower in abundance. e, Distributions of nitrite (solid)

and oxygen (dashed; KM0405 station 5).
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These calculated rates assume that oxygen was not limit-
ing nitrite oxidation, yet notably Nxr was abundant when oxy-
gen was low on both expeditions and where nitrite was depleted
(Fig. 5a—c). Oxygen scarcity could impede nitrite oxidation and
explain the accumulation of nitrite within the OMZ to ~0.5 M
observed during the Metzyme expedition (station 2), although
nitrite oxidation has been observed at low oxygen™. There are four
non-mutually-exclusive explanations for the low-oxygen-high-Nxr
trend: (1) higher organic matter and resultant nitrite flux within
OMZ regions, (2) greater Nxr persistence due to slowed oxygen
degradation of Nxr iron-sulfur clusters (although cultured nitrifi-
ers can be grown aerobically and Nxr was observed at high O, in the
southern hemisphere as mentioned above), (3) use of Nxr in partial
denitrification when NO,~ is more abundant than O,, as described
above, and (4) an increase in Nxr per NOB cell to compensate for
lower oxygen abundance. The linear relationship between Nxr and
Nitrospina-like NOB described above implies that the high Nxr in
the OMZ is due to more NOB, rather than this fourth scenario of
more Nxr per NOB.

Implications

This discovery of abundant Nxr in mesopelagic waters offers several
new perspectives on these understudied environments. First, while
the importance of trace metal nutrition to mesopelagic microbial
communities has been explored for copper**"*?, these results imply
that expansion of suboxic regions by deoxygenation could result in
an increased microbial mesopelagic iron demand. Iron is depleted in
the euphotic zone of the equatorial and South Pacific. An inability
to complete Nxr synthesis could become a constraining factor at the
interface with mesopelagic depths when iron is scarce. Some phyto-
plankton also utilize nitrite*, but this also requires the iron metal-
loenzyme ferredoxin-nitrite reductase. The dependence of both
nitrite utilization and oxidation on iron availability could explain
the prevalence of the extensive nitrite maximum in the South Pacific
(Fig. 1f,g)”. These findings could have implications for possible
unintended consequences of ocean iron fertilization carbon seques-
tration efforts™, which may increase carbon, nitrogen and iron fluxes
to the mesopelagic, reducing oxygen, probably increasing Nxr abun-
dances and possibly increasing the greenhouse gas N,0. N,O is pres-
ent in these Central North Pacific OMZ extremities below the oxygen
clines and nitrite maximum (Fig. 5d,e), and ammonia-oxidizing
archaea™ and NOB* were recently shown to produce N,O, albeit
through unknown mechanisms. Any eventual impacts are difficult
to predict, as the myriad of interrelated processes that control the
mesopelagic ecosystem and their dynamic nature are only begin-
ning to be understood. Together these results demonstrate that the
iron metalloenzyme Nxr is highly abundant in the mesopelagic cen-
tral Pacific Ocean, with a potential activity that appears capable of
responding to episodic fluxes, making it an important component of
the ecology and biogeochemistry of these environments.
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Methods

Expeditions. Two research expeditions were conducted in the Central Pacific
Ocean forming a T pattern over the low-oxygen plume extending from the Eastern
Tropical North Pacific Ocean. Metzyme occurred in October 2011 on the RV

Kilo Moana (KM1128; chief scientists C. Lamborg and M. Saito) and ProteOMZ
occurred in January-February 2016 on the RV Falkor (FK160115; chief scientist
M. Saito). The expedition map is shown in Fig. 1a, and expedition metadata and
repository information are available in Supplementary Table 1.

Metaproteomic extraction. Protein extraction. Proteins from quarter sections

of 142-mm 0.2-pm Supor filters (Pall) were extracted using a modified magnetic
bead method from ref. *°. Filter sections were placed in 5ml of protein extraction
buffer (50 mM HEPES at pH 8.5 (Boston BioProducts), 1% SDS in HPLC-grade
water). All reagents in this protocol are made with HPLC-grade water. Samples
were heated at 95°C for 10 min and shaken at room temperature for 30 min. Supor
filters were removed and protein extracts were filtered through 5.0-um Millex
low-protein-binding filters (Merck Millipore). Millex filters were rinsed with

1 ml of extraction buffer to insure no loss of protein. Samples were then spun for
30min at 3,220 ¢ in an Eppendorf 5810 centrifuge. The supernatant was removed
from the pellet and transferred to a Vivaspin 5,000 MWCO ultrafiltration unit
(Sartorius Stedim). Protein extract was concentrated to approximately 350 ul,
washed with 1 ml of lysis buffer and transferred to a 2 ml ethanol-washed microtube
(all tubes from this point on are ethanol washed). Vivaspins were rinsed with
small volumes of protein extraction buffer to remove all concentrated protein,

and samples were brought up to 430 ul. An amount of 30 ul was set aside for total
protein quantification.

Protein quantification. Standard curves were generated using an albumin standard
(Thermo Scientific). Total protein was quantified after extraction and after
purification with 2 ul samples in duplicate using the bicinchoninic acid method
(Thermo Scientific Micro BCA protein assay kit). Absorbance was measured on a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific).

Protein reduction and alkylation. Benzonase nuclease (50 units, 2 ul, Novagen) was
added to each sample and incubated at 37 °C for 30 min. Samples were reduced

by adding 20 ul of 200 mM dithiothreitol (Fisher) in 50 mM HEPES at pH 8.5 for
30min at 45°C. Samples were alkylated by adding 40 ul of 400 mM iodoacetamide
(Acros) in HEPES at pH 8.5 for 30 min at 24 °C, occasionally heating to 37°C

to prevent precipitation. The reaction was quenched by adding 40 pl of 200 mM
dithiothreitol in 50 mM HEPES at pH 8.5.

Protein purification and digestion. SpeedBeads magnetic carboxylate modified
particles (GE Healthcare) were prepared according to ref. *. Magnetic beads (20 ul,
20 ugpl~") were added to 400 ul of extracted protein sample. Samples were heated

at 37°C periodically to avoid precipitation. Samples were acidified to a pH of 2-3
by adding 50 ul of 10% formic acid. Twice the volume (1,100 pl) of acetonitrile was
immediately added. Samples were incubated at 37 °C for 15min and then at room
temperature for 30 min. They were then placed on a magnetic rack and incubated
for 2 min, and supernatant was removed and discarded. Samples were washed
twice, removing and discarding supernatants with 1,400 ul of 70% ethanol for 30s
on the magnetic rack. Acetonitrile (1,400 ul) was added to each sample for 30s on
the magnetic rack. Supernatant was removed and discarded. Samples were air dried
for approximately 4 min until the acetonitrile had just evaporated. Samples were
removed from the magnetic rack and beads were reconstituted in 90 ul of 50 mM
HEPES at pH 8.0. Purified protein was quantified as described above. The protein
recovery efficiency was determined by comparison of total protein by bicinchoninic
acid assay after the initial solubilization step and after purification. A percentage
protein recovery was calculated, and conversion from units of femtomoles of peptide
per microgram total protein to femtomoles of peptide per litre of seawater was
conducted using the recovery efficiency and the total protein quantities. Trypsin
(Promega) dissolved in HEPES at pH 8.0 to a concentration of 0.5 ugul~! was added
to samples at a 1:25 trypsin to protein ratio and incubated at 37 °C overnight.

Peptide recovery and preparation. Acetonitrile was added to digested peptides at a
concentration of >95% and incubated for 20 min at room temperature. Samples
were then placed on the magnetic rack for 2 min and supernatant was removed
and discarded. Acetonitrile (1,400 ul) was added to samples on the magnetic

rack for 15s. Supernatant was removed and discarded. Samples were air dried

for approximately 4 min, just until acetonitrile was evaporated. Beads were
reconstituted in 90 ul of 2% DMSO and incubated off the rack at room temperature
for >15min. Samples were centrifuged slowly and briefly at a relative centrifugal
force of 900 to remove liquid from the tube walls. Samples were incubated on the
magnetic rack for 15min and supernatant containing peptides was transferred

to a new ethanol-washed 1.5-ml microtube. This step was repeated to insure
removal of all magnetic beads. 1% trifluoroacetic acid was added to samples

for a final concentration of 0.1%. Samples were zip tipped with Pierce C18 tips
according to the manufacturer’s protocol with a final resuspension in 25 ul of 70%
acetonitrile, 0.1% formic acid. Samples were evaporated to approximately 10 ul in
a DNA110 SpeedVac (Thermo Savant). Samples with lower protein concentrations

NATURE GEOSCIENCE | www.nature.com/naturegeoscience

were further evaporated to minimize the acetonitrile percentage in the final
resuspension-zip tip product to be less than 30% of the total final buffer B volume.
Samples were finally resuspended to a peptide concentration of 1 ugpul~' in buffer B
(2% acetonitrile, 0.1% formic acid).

Global metaproteome mass spectrometry. Global metaproteomic analyses
were conducted using one-dimensional and two-dimensional chromatographic
separation for the Metzyme and ProteOMZ expeditions respectively. Following
global metaproteomic analyses, targeted metaproteomic assays were designed
and samples were analysed again by PRM mass spectrometry using mass spectral
information from the global proteomic analyses.

One-dimensional global proteomes were analysed with a Thermo Fusion
mass spectrometer and a Michrom Advance HPLC with a Thermo Flex source.
For each sample, 1 ug (measured before trypsin digestion) was concentrated onto
a trap column (200 um X 10 mm inner diameter, 5-um particle size, 120-A pore
size, C18 Reprosil Gold, Dr. Maisch) and rinsed with 100 ul of 0.1% formic acid,
2% acetonitrile, 97.9% water before gradient elution through a reverse-phase C18
column (100 um X 400 mm inner diameter, 3-um particle size, 120-A pore size,
C18 Reprosil Gold, Dr. Maisch) at a flow rate of 300 nlmin~". The chromatography
consisted of a nonlinear 200-min gradient from 5% to 95% buffer B, where A was
0.1% formic acid in water and B was 0.1% formic acid in acetonitrile (all solvents
were Fisher Optima grade). The mass spectrometer was set to perform scans on
the Orbitrap (240,000 resolution at 200 r1/z, mass to charge ratio) with a scan
range of 380 m/z to 1,580 m/z. MS2 scans were performed on the ion trap using
data-dependent settings (top speed, dynamic exclusion 15s, excluding unassigned
and singly charged ions, precursor mass tolerance of +3 ppm, with a maximum
injection time of 150 ms).

Two-dimensional global proteomes were analysed with a Thermo Fusion
mass spectrometer following online two-dimensional active-modulation liquid
chromatography using a Dionex Ultimate3000 RSLCnano system with an
additional RSLCnano pump. The first column separation utilized a nonlinear 8-h
pH =10 gradient (10 mM ammonium formate in water and 10 mM ammonium
formate in 90% acetonitrile) on a PLRP-S column (200 um X 150 mm, 3-um
bead size, 300-A pore size, NanoLCMS Solutions). The eluent was diluted
inline (10 pl min~" of 0.1% formic acid) then trapped and eluted every 30 min
on alternating dual traps (300 um x 5 mm, 5-um bead size, 100-A pore size, C18
PepMap100, Thermo Scientific). The alternating traps were eluted at 500 nl min~*
onto a C18 column (100 um X 150 mm, 3-um particle size, 120-A pore size, C18
Reprosil Gold, Dr. Maisch, packed in a New Objective PicoFrit column) with a
30-min nonlinear gradient (0.1% formic acid in water and 0.1% formic acid in
99.9% acetonitrile) on a Thermo Flex ion source attached to the mass spectrometer.
Fusion scan settings were set to 240,000 resolution and 380-1,580 mm/z for MS1
scans in the Orbitrap. MS2 scans had a 1.6-m/z isolation window at normal scan
rate, 50-ms maximum injection time, collision-induced dissociation activation and
a 5-s dynamic exclusion in the ion trap.

Global metaproteomic data analysis. The raw mass spectrum files were searched
using SEQUEST HT within Thermo Proteome Discoverer 2.1 software using a
parent ion tolerance of 10 ppm and a fragment tolerance of 0.6 Da. Processed files
were then loaded into Scaffold 4.8 (Proteome Software) with a protein threshold
0f 99.0% and a custom peptide threshold (0.95 probability and SEQUEST

XCorr values of at least 1.8, 2.5, 3.5 and 3.5 for XCorr (+1), (+2), (+3) and (+4)
respectively, and DeltaCN of at least 0.1). Peptide and protein false discovery rates
(FDR) were 0.1% and 1.6%, respectively, against a decoy database, for exclusive
and total spectral count outputs. Protein and peptide reports as well as FASTA files
were exported and submitted to BCO-DMO and the Ocean Protein Portal.

Targeted metaproteomics: synthesis and calibration of peptide standards, and
mass spectrometry. Tryptic peptides from the Nxr alpha (seven peptides) and beta
(five peptides) subunits were targeted for absolute quantitation (Supplementary
Table 2). Peptides containing methionine and cysteines were avoided whenever
possible, although one from each subunit contained these residues. All peptides
were discovered in metaproteomic data-dependent analyses before targeting to
confirm their ability to extract, digest and ionize efficiently. Absolute calibration
of peptides was conducted using a modified QconCAT approach”, where
custom-designed stable-isotope-labelled peptides were heterologously produced
in Escherichia coli by synthesized DNA with six-amino-acid spacer regions
between targeted peptides and ligated into a PET-30a overexpression vector
(Novagen) grown in '*N-labelled lysogeny broth growth medium (Cambridge
Isotopes) to produce fully '*N-labelled heavy peptides. The labelled peptides were
calibrated relative to commercially available peptides (for example, Pierce BSA,
apomyoglobin) by direct ratio measurement against the unknown-plasmid labelled
peptides. For example, 2 pl of Pierce peptides (500 fmol pl~') were added to 10 pl
of digested labelled peptides and brought up to 100 pl in carrier solution, and 10 pl
were injected into the mass spectrometer. The ratio of Pierce to identical labelled
sequences in the plasmid was determined, and using the known concentration

of unlabelled Pierce peptide sequences the concentration of the *N-labelled
Pierce peptide sequence was determined. Because isotopically labelled standard
peptide sequences within each plasmid were stoichiometric, 1:1, with target
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peptide sequences, their absolute abundance in the sample was determined by
multiplying by the ratio of labelled versus unlabelled standard peptide sequences
and subsequent volume corrections.

PRM targeted metaproteome analyses were also conducted on the Thermo
Orbitrap Fusion. Samples were injected onto a trap column (300 um X 5 mm, 5-pm
bead size, 100-A pore size, C18 PepMap100, Thermo Scientific) at 10 ul min~" and
washed for 10 min with 0.1% formic acid in 2% acetonitrile. The trapped sample
was then eluted at 500 nlmin~" onto a C18 column (100 um X 150 mm, 3-pm
particle size, 120-A pore size, C18 Reprosil Gold, Dr. Maisch, packed in a New
Objective PicoFrit column) with a 70-min nonlinear gradient (0.1% formic acid in
water and 0.1% formic acid in 99.9% acetonitrile) into the mass spectrometer. PRM
settings in the Fusion were set to 240,000 Orbitrap resolution at a scan range of
350-1,200 m/z for MS1, and a targeted mass list (Supplementary Table 3) in the ion
trap with collision-induced dissociation activation in normal scan rate mode with a
maximum injection time of 35 ms for MS2 scans.

Standard curves for the labelled standards were examined for linearity, and
those with low linearity (low linear regression r* values) were excluded from
the study (Supplementary Table 2 and Supplementary Fig. 8). The precision of
technical replicates for this suite of 12 targeted peptides on three samples revealed
relative s.d. values of 6.2%, 6.2% and 3.9% (Supplementary Table 4).

Taxonomic analysis of targeted peptides. The taxonomic attribution of the
targeted tryptic peptides and full protein sequences was conducted to identify their
microbial source using the METATRYP software’. A database of tryptic peptides
from marine microbes was constructed from genomes and representative NOB
single amplified genomes, and the occurrence of our tryptic peptide targets among
marine microbes was examined, as previously done for species and ecotype-level
differentiation on the well characterized marine cyanobacteria (Supplementary
Tables 5 and 6). A METATRYP database was constructed containing over 300
marine microbial genomes, including some representative single amplified
genomes, and was queried for the presence of the targeted peptides. Of the 12
peptides, 11 were taxonomically attributed exclusively to the NOB Nitrospina sp.,
with the 12th peptide present in both Nitrospira and Nitrospina (Supplementary
Tables 5 and 6), by least common ancestor analysis using representative NOB
genomes and single amplified genomes.

NOB cultivation and global proteomic analyses. The NOB N. marina Nb-295
and N. mobilis Nb-231 were grown in batch cultures in autoclaved medium
prepared with 75% natural seawater and 25% ultrapure water with 400 uM MgSO,,
30 uM CaCl,, 5pM K,HPO,, 2.3 pM Fe 111 ethylenediaminetetraacetic acid, 0.1 pM
Na,MoO,, 0.25 pM MnCl,, 0.002 pM CoCl,, 0.08 uM ZnSO, and 2mM NaNO,
(ref. *). For Nb-295, after the initial 2mM NO,~ was exhausted, cultures were fed
an additional 2mM NO,". Cultures were grown at 22 °C in the dark in 500 ml
polycarbonate bottles without shaking.

Samples were resuspended with 1,800 ul of 1% SDS extraction buffer (1% SDS,
0.1 M Tris/HCl at pH 7.5, 10mM EDTA). Each sample was incubated at room
temperature for 15min, heated to 95°C for 10 min and shaken at room temperature,
350r.p.m. for 1 h. The protein extracts were decanted and centrifuged at 14,100g
(14,500 r.p.m.) for 20 min at room temperature. The supernatants were removed and
concentrated by membrane centrifugation to approximately 300 ul in 6-ml, 5,000
MWCO Vivaspin units (Sartorius Stedim). Each sample was precipitated with cold
50% methanol, 50% acetone, 0.5 mM HCl for 3d at -20°C, centrifuged at 14,100 ¢
for 30 min at 4°C, decanted, and dried by vacuum concentration (Thermo Savant
SpeedVac) for 10min or until dry. Pellets were resuspended in 1% SDS extraction
buffer and left at room temperature for 1h to completely dissolve. Total protein was
quantified (Bio-Rad DC protein assay) with BSA as a standard and purified by tube
gel purification as described previously’>*, and global proteomes were analysed on
a Fusion Orbitrap mass spectrometer using one-dimensional nanospray separation
and topN data-dependent acquisition as described above.

Absolute protein abundance-based enzyme activity estimates. Estimates of
maximal possible in situ reaction rates were conducted using the published
specific activities for purified Nxr from Nitrobacter hamburgensis of 2,506 and
1,740 units mg~' min~"' for nitrite oxidation and nitrate reduction, respectively,
where one unit represents 1 nmol NO,™ formed or consumed per minute**. Using
the average of the NxrA and NxrB abundances at Metzyme station 3 maxima of
131fmoll" (average of 107 and 155 fmoll™' =131 fmoll~! NxrAB; 131 kDa and
49kDa molecular masses; assuming 1:1 NxrA:NxrB) yielded 23.6 ngl™" of enzyme
(5.6 fmoll~'=1ngl™"). Equations (1) and (2) provide the potential maximal
reaction rates for nitrite oxidation and nitrate reduction, respectively.

lg

24ng1™" x 2,506 nmol N2 . > 10mg

0, o
‘mg min

3 N
x lxlg mg o 60]1:1mx %: 85nMd!

—1 NO; red. 1g 1x 10° mg
24ngl™" x 1,750 nmol m;“:fn X TXi07ng e 2)

x Shmin , 24h — 59 nMd™

More refined nitrite oxidation rates were then calculated using Michaelis—
Menten parameters from NOB cultures (Supplementary Table 6) including
N. moscoviensis' and N. watsonii*°. N. moscoviensis was isolated from pipes in
built environments, and hence kinetic parameters based on a more representative
nitrifier, N. watsonii, were used for vertical profiles of Nxr estimated reaction rates.
Reaction rate values, V, were calculated using environmental nitrite concentration
data, including 0.5 pM as a maximum value, as used above, or ambient seawater
nitrite concentrations at each corresponding depth (equation 3 and Fig. 1f,g).
These V values were multiplied by the average NxrAB abundances (converted to
ngl™ as described above), and the fraction of Nxr to total cellular protein (Fy,,), to
convert literature kinetic parameters normalized to total cellular protein* to actual
enzyme concentration normalization. Fy,, was set at 0.1 (10%) on the basis of
previous protein purification studies’, and was consistent with our preliminary
targeted Nitrospina culture data.

mol NO.
v (MmO — (Vo O (K + O ©)
Rxn rate(%l"]) = V(pm,:lgl\}l,oz) x ﬁoé x5 110gg g ()
x NxrAB ("Tg) X ﬁ x % x Lx10 nnol Lo;(?lmol

Metagenomic analyses. Splits from the 0.2-3.0-pm fraction of the McLane pump
samples from Metzyme 150, 250, 300, 550 and 800 m from station 3 and 50 m

from station 5 were extracted for DNA and were submitted to the Joint Genome
Institute for metagenomic sequencing. Quality trimmed reads were assembled in a
sample-specific fashion using metaSPAdes and annotated as previously described'.
The assembly has been deposited in NCBI under accession GCA_900411625.

Nitrate isotopic analyses. The N isotopic composition of nitrate is expressed
in delta notation, where 8N = ("*N/"N_, e}/ (“N/*N,ference) - 1, referenced to
atmospheric N, and expressed in %o by multiplying by 1,000. Nitrate 5'°N was
measured using the denitrifier method®*®.

Nutrient analyses. Macronutrient samples were collected from the trace
metal rosette and filtered though 0.2-pm filters, frozen and analysed

as previously described®’. N* was calculated as previously described
(N*=(NO,-16PO,+2.9) X 0.87) (refs. **?). Dissolved cobalt samples were
analysed by cathodic stripping voltammetry after ultraviolet irradiation,

as previously described®.

N,O analyses. Samples were collected in glass serum bottles and sealed at sea,
and analyses were conducted as described previously*’.

Data availability

Environmental data and processed global and targeted metaproteomic results

from Metzyme and ProteOMZ expeditions are available at https://www.bco-dmo.
org/ under projects 2236 and 685696 and dataset 806510, and the global
metaproteomes can be explored through the Ocean Protein Portal (https://www.
oceanproteinportal.org). The metagenomic assembly used for peptide-to-spectrum
matching is available at NCBI under accession GCA_900411625. Targeted Nxr
concentrations and NOB abundances are available within Supplementary Tables 9
and 8. Raw mass spectra are available in PRIDE and ProteomeXchange as project
number PXD009712.
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